The transient receptor potential canonical subfamily member 5 (TRPC5) is a 33 non-selective calcium-permeant cation channel. As a depolarizing channel, its function 34 is studied in the central nervous system and kidney. TRPC5 forms heteromultimers 35 with TRPC1, but also forms homomultimers. It can be activated by reducing agents 36 through reduction of the extracellular disulfide bond. Here we present the 2.9 Å 37 resolution electron cryo-microscopy (cryo-EM) structure of TRPC5. The structure of 38 TRPC5 in its apo state is partially open, which may be related to the weak activation of 39 TRPC5 in response to extracellular pH. We also report the conserved negatively charged 40 residues of the cation binding site located in the hydrophilic pocket between S2 and S3. 41
The transient receptor potential canonical (TRPC) channels are Ca 2+ -permeant cation 51 channels that are potentiated by stimulation of G protein-coupled receptors or receptor 52 tyrosine kinases 1,2 . TRPC4 and TRPC5 share 65% sequence identity and exhibit similar 53 functional properties when expressed as independent homomers. As homomultimers, the 54 channel's outward conductance is blocked in the 10-40 mV range 3, 4 by intracellular Mg 2+ 55 5 . TRPC5 is expressed in both excitable and non-excitable cells, primarily in the brain 56 and kidney 6 . TRPC5 knock-out mice exhibit severe daily blood pressure fluctuations, 57 and deficits in motor coordination and innate fear behavior 7-9 . Although contested 10 , 58 TRPC5 inhibition may suppress the development of progressive kidney diseases 11 . 59
The cryo-EM revolution has enabled recent structural solutions for TRPC3, TRPC4, and 60 TRPC6 12-14 . Here we present the structure of the mouse TRPC5 at pH 7.5 to an overall 61 resolution of 2.9 Å. We contrast and compare the TRPC5 structure with other TRP 62 channels to help understand the diverse functional and physiological roles of this ion 63 channel family. 64 several small helices, including a pore helix, pre-S1 elbow, pre-S1 helix and an S2-S3 87 linker helix with connecting loops (Fig. 1c, d) . 88
Whole-cell patch-clamp recordings confirmed that the truncated TRPC5 construct used 89 for cryo-EM analyses retained the primary electrophysiological properties of full-length 90 TRPC5 (Fig. 2) . Both the truncated and full-length constructs were activated by englerin 91 A and inhibited by ML204, a TRPC4/5 blocker ( Fig. 2a, b ). No significant current was 92 observed in cells transfected with empty vector (Fig. 2c) . 93
The ion conduction pore 94 TRPC4 and TRPC5 are the most closely-related TRPC proteins, with 65% amino acid 95 identity at full length, and 100% identity in S5 (a.a. 502-542), the pore helix (a.a. 96 569-580), S6 (a.a. 596-651, including the lower gate) and the selectivity filter (a.a. 97 Fig. 4 ). The architecture of the ion conduction pathway is 98 well conserved between these two channels ( Fig. 3a) . However, the calculated pore size 99 of TRPC5 is wider than that of TRPC4 ( Fig. 3b) Fig. 5 ), is distinct from the corresponding motif 'ETKGLS' of TRPC4. 104
580-584) (Supplementary
The TRPC5 motif contains 3 more amino acids, including one more negatively-charged residue, Asp548, and the hydrophobic residue, Ile547 ( Fig. 3c, red arrow) ; it is thus 106 potentially more attractive to cations entering the pore. 107
Along with the pore, the filter/gate-forming residues of TRPC5 are identical to those of 108 TRPC4. Gly581 marks a restriction point of 7.2 Å between diagonally opposed residues 109 at the selectivity filter. "INQ" (Ile621, Asn625 and Gln629) defines a lower gate with a 110 4.9 Å constriction formed by the side chains of Gln629 ( Supplementary Fig. 6 ); in 111 TRPC4, the most restricted point is 3.6 Å between opposing Asn621 residues. 112
Interestingly, the lower gate of TRPC5 appears to be partially open compared with the 113 presumed closed state of TRPC4, despite similar isolation procedures and conditions. 114
This may be related to the weak activation of TRPC5 compared to TRPC4 at pH 7.4 15 , 115 suggesting a distinct activation mechanism for TRPC5 in response to extracellular pH. 116
Structural comparisons between TRPC5 and other TRPC channels 117
Here we compare the architectural differences between the TRPC1/4/5 and TRPC3/6/7 118 channel subfamilies ( Fig. 4a ). An overlay of TRPC5 with the previously solved TRPC3, 119 TRPC4, and TRPC6 channel structures shows relatively high spatial conservation of the 120 6-transmembrane bundle. Several intracellular features of TRPC channels are also 121 preserved, including the ankyrin repeats, the pre-S1 elbow in the N-terminal domain, and 122 the connecting helix running parallel to the membrane bilayer. A key feature of TRPC 123 channels is the conserved LFW motif inside the pore domain ( Fig. 3c) . In the TRPC5 structure, a π-π interaction between Phe576 and Trp577 stabilizes the key pore region, as 125 is also seen in the available TRPC3/4/6 channel structures (Fig. 4b) . Mutagenesis studies 126 of the LFW motif in TRPC5 result in non-functional channels 16 . 127
Despite the relatively high structural conservation, TRPC5's transmembrane domain has 128 several distinct features. Unlike TRPC3/6, TRPC4/5's extracellular domains and long 129 pore loops form intricate structures stabilized by a disulfide bond between Cys553 and 130
Cys558. As the two cysteines in the pore region are well conserved in TRPC1/4/5 131 subfamily ( Fig. 3d) , the disulfide bond may be important to gating. Indeed, mutation of 132
Cys553 or Cys558 to alanine activates TRPC5 17 (Fig. 4c) . Interestingly, although TRPC4 133 and TRPC5 have similar functional properties, the loop preceding TRPC5's disulfide 134 bond is distinct from that of TRPC4, with 3 extra residues (a.a. 546-548) in TRPC5 ( Fig.  135   3c) . Superimposition of the TRPC channels also reveals striking differences in the 136 arrangement of S3 ( Fig. 4d) ; the S3 helix is longer in TRPC3 and TRPC6 and protrudes 137 into the extracellular space. In both TRPC4 and TRPC5 channels, the extracellular S3 138 region is shorter by four helical turns, limiting potential extracellular interactions. 139
Cation-and lipid-binding sites 140
A strong non-protein peak is observed in the intracellular hydrophilic pocket between 141 TRPC5's S2 and S3 helices. Since Na + was the only added cation in our purification 142 buffer, this peak may represent a sodium ion, but we cannot rule out another contaminating cation, such as Ca 2+ . The cation is not in the putative ion conduction 144 pathway; it is coordinated by hydrogen bonding with several highly conserved residues, 145
including Glu418, Glu421, Asn436 and Asp439 (Fig. 5a) . The geometry of the cation's 146 coordination in TRPC5 resembles that of the TRPC4 structure 18 . Structural alignment of 147 these residues from TRPC family members reveals a well-preserved cation-binding site, 148
including Ca 2+ binding sites, in the TRPM4 and TRPM2 structures 19, 20 . Small deviations 149 are seen in TRPM4 and TRPC4; Glu421 in the S2 helix's cytosolic end is substituted by a 150 glutamine ( Fig. 5b, c) . A number of negatively charged residues, including Asp633, 151
Asp636, Glu638, Asp652 and Glu653 in the TRP domain, as well as Asp424, Glu429 and 152
Asp433 on S2-S3 linker, are aligned along a potential cation entry pathway 153 ( Supplementary Fig. 7 ). Asp652 and Glu653 in the TRP domain and negatively charged 154 residues in the cytosolic region form a cation access pathway, which should facilitate 155 cation entry to its binding site ( Supplementary Fig. 7c ). Further experiments are needed 156 to determine if this represents a site for internal cationic potentiation or inhibition of 157 TRPC5 activity. 158
Eight densities corresponding to lipid molecules were clearly resolved in the TRPC5 159 cryo-EM density and identified as four cholesteryl hemisuccinates (CHS, a 160 cholesterol-mimicking artificial detergent molecule; purple) and four phospholipids 161 (phosphatidic acid or ceramide-1-phosphate; yellow) ( Fig. 6a) . Each phospholipid is 162 embedded in the gap between the monomeric subunits. The phospholipid interacts with the pore helix through its polar head and side chain oxygen with amino acids Phe576 and 164 Trp577 (Fig. 6b, c) . Four CHS heads face down at the interface with the plasma 165 membrane, imbedding into the space among the S4, S5, S6 helices and the N-terminal 166 domain ( Fig. 6b) . CHS stabilizes the domain interaction through interactions with 167
Asn500 on the S4/S5 linker and with Trp315, Tyr316, and Trp322 in the TRP domain 168 ( Fig. 6d) . The polar heads of the identified lipids interact with positively charged regions 169 of the channel (Supplementary Fig. 8 ). Thus, we assume that in vivo phosphorylation or 170 dephosphorylation, and the composition of membrane lipids, regulate ion conduction by 171 altering channel topology. 172 173
Discussion 174
Here we obtained and investigated the cryo-EM structure of TRPC5 at 2.9 Å resolution. 175
The overall architecture of TRPC5 resembles that of other TRPC subfamily channels, but 176 important differences in TM bundles and pore regions may help explain many of its TRPC5 and closed TRPC3/6, suggest that the extracellular disulfide bond is a potential 179 transducer of conformational changes that control the opening and closing of the pore 180 domain. Another unique feature is the short S3 helix that dips into the hydrophobic 181 region. Shift in this helical domain may be directly translated into the transmembrane domains. 183
One of the unique and interesting features of TPRC4/5 channels is that they are reversibly 184 potentiated by micromolar concentrations of La 3+ or Gd 3+ . Extensive mutagenesis studies 185 suggest that the binding site is extracellular and between Glu543 and Glu595 21 . Mutation 186 of glutamic acids Glu543 and Glu595/Glu598, in the extracellular mouth of the channel 187 pore, to glutamine resulted in loss of potentiation. However, Glu543 at the end of the S5 188 helix, and Glu595 at the beginning of S6, are oriented such that cation binding is not 189 possible. Since our structure was obtained in a divalent-free buffer, we can't rule out the 190 possibility that Ca 2+ binding may lead to a conformational change in this region. 191
( Supplementary Fig. 9 ). 192
Arg593, the arginine located in the pore loop near the proposed extracellular Gd 3+ 193 binding site, was reported to be critical for GPCR-G q -PLC-dependent gating of TRPC5 21 . 194 An Arg593Ala mutation had reduced sensitivity to G q -PLC activation, which can be 195 explained by our structure. Arg593 interacts via a salt bridge with Glu598 and forms a 196 hydrogen bond with the Val590 side chain. Breaking this electrostatic interaction may 197 lead to unfolding of this pore region. In addition, Arg593 is the only positively charged 198 residue in the corresponding positions in TRPC channels (glycine in TRPC1, glutamine 199 in TRPC4, asparagine in TRPC6, or negatively-charged aspartic acid in TRPC7). One 200 possibility that Arg593 may serve as a molecular fulcrum, allowing the efficient 201 transmission of gating force to TRPC5's pore helix-loop.
Another unique feature of TPRC4/5 channels is their unusual current-voltage (I-V) 203 relationship, in particular the flat segment in the 10-40 mV range attributed to Mg 2+ block 204 of outward current 2 . TRPC5's S6 terminal Asp633 residue is close to the intracellular 205 mouth of channel pore and was proposed as the site for block of the ion conduction 206 pathway upon binding Mg 2+ , whereas the downstream Asp636 did not affect Mg 2+ 207 block 22 . In our structure, Asp633 is situated much closer to the channel pore than Asp636 208 ( Supplementary Fig. 10 ), which supports it being a Mg 2+ block site. However, because 209
we used a divalent-free buffer for cryo-EM, direct evidence for Mg 2+ -binding on Asp633 210 and restriction of the channel pore should be studied in proteins purified in 211
Mg 2+ -containing solution. 212
In TRPV channels, as in many other 6TM channels, the S4-S5 linker is crucial to channel 213 gating 23-25 . Consistent with this, a single point mutation in TRPC4/5's S4-S5 linker, 214
Gly504Ser, fully activates it. Introduction of a second mutation (Ser623Ala) into TRPC4 215
Gly503Ser suppressed the constitutive activation and partially rescued its function 26 . 216
These results indicate that the S4-S5 linker is a critical constituent of TRPC4/C5 channel 217 gating and that disruption disinhibits gating control by the sensor domain. 218
Both the TRPC5 structure in the present study and our recently published TRPC4 219 structure 18 were obtained from protein samples prepared in the same divalent-free 220 solution at pH 7.5. TRPC5's wider pore could reflect that an open state is preferred under 221 these conditions. In our patch-clamp experiments, TRPC5 always exhibited small but consistent basal activity, while TRPC4 was inactive without drug or receptor stimulation. 223
This agrees with a previous study that TRPC5 is partially open at pH 7.4, while TRPC4 is 224 binned by 2x to a pixel size of 1.23Å prior to drift and local movement correction using 274 motionCor2 28 , resulted in the sums of all frames of each image stack with and without 275 dose-weighting. The dose-weighting sum were binned by 8x and subject to visual 276 inspection, images of poor quality were removed before particle picking. Particle picking 277 and subsequent bad particle elimination through 2D classification was performed using 278
Python scripts/programs 29 with minor modifications in the 8x binned images. The 279 selected 2D class averages were used to build an initial model using the common lines 280 approach implemented in SPIDER 30 through Maofu Liao's Python scripts 29 , which was parameters were estimated using CTFFIND4 32 using the sum of all frames without 283 dose-weighting. Quality particle images were then boxed out from the dose-weighted 284 sum of all 40 frames and subjected to RELION 3D classification. RELION 3D 285 refinements were then performed on selected classes for the final map. The resolution of 286 this map was further improved by using the sum of sub-frames 1-14. The number of 287 particles in each dataset and other details related to data processing are summarized in 288 Table 1 . 289
Model building, refinement, and validation. 290
At 2.9 Å resolution, the cryo-EM map was of sufficient quality for de novo atomic model 291 building in Coot 33 . Amino acid assignment was achieved based mainly on the clearly 292 defined densities for bulky residues (Phe, Trp, Tyr, and Arg) and the absence of side 293 chain densities for glycine residues. The atomic model was further visualized in COOT; a 294 few residues with side chains moving out of the density during the refinement were fixed 295 manually, followed by further refinement. The TRPC5 model was then subjected to 296 global refinement and minimization in real space using the module 297 final model exhibited good geometry as indicated by the Ramachandran plot (preferred 300 region, 98.25%; allowed region, 1.75%; outliers, 0%). The pore radius was calculated 301 using HOLE 36 .
Electrophysiology 303
The full-length, truncated TRPC5 constructs or empty vector were transfected into HEK 304 293T (from ATCC) cells together with an mCherry plasmid. Cells with red fluorescence 305 were selected for whole-cell patch recordings (HEKA EPC10 USB amplifier, 306
Patchmaster 2.90 software). A 1-s ramp protocol from -100 mV to +100 mV was applied 307 at a frequency of 0.2 Hz. Signals were sampled at 10 kHz and filtered at 3 kHz. The 308 pipette solution contained (in mM): 140 CsCl, 1 MgCl 2 , 0.03 CaCl 2 , 0.05 EGTA, 10 309 HEPES, and the pH was titrated to 7.2 using CsOH. The standard bath solution contained 310 (in mM): 140 NaCl, 5 KCl, 1 MgCl 2 , 2 CaCl 2 , 10 HEPES, 10 D-Glucose, and the pH was 311 adjusted to 7.4 with NaOH. The recording chamber (150 µl) was perfused at a rate of ~2 312 ml/min. All recordings were performed at room temperature. The key residues are highlighted as "E/E/N/D", which are conserved in TRPC2/3/5/6/7 380 and TRPM7 but as "E/Q/N/D" in TRPC4 and TRPM4. 381 Density map showing the transmembrane helices (S1-S6), an ankyrin repeat (AR), 408 N-terminal helix, TRP domain, pore helix, connecting helix, coiled-coil helix, and lipids. 409
The maps were contoured at a level of 3.0 σ, carve = 2. Ankyrin repeats, AR: T144-K164, 410 N helix: P216-E234, S1: N355-Q386, S2: V402-W423, S3: F427-Y457, S4: F474-F500, 411 S5: H502-Y542, pore helix: F569-F580, S6: F596-F651, connecting helix: L707-N735 and 412 coiled-coil domain: E740-G761. and transparent white, neutral potential. c, A number of negatively charged residues, 435 including Asp633, Asp636, Glu638, Asp652 and Glu653 on the TRP domain, as well as 436
Asp424, Glu429 and Asp433 on S2-S3 linker, are aligned along the cation entry pathway. 
